First-principles analysis of ZrN/ScN metal/semiconductor superlattices for thermoelectric energy conversion We present a first-principles density functional theory-based analysis of the electronic structure, vibrational spectra, and transport properties of ZrN/ScN metal/semiconductor superlattices aiming to understand its potential and suitability for thermoelectric applications. We demonstrate (a) the presence of Schottky barriers of 0.34 eV at the metal/semiconductor interface and (b) a large asymmetry in the electronic densities of states and flattening of electronic bands along the cross-plane directions near the Fermi energy of these superlattices, desirable for high Seebeck coefficient. The vibrational spectra of these superlattices show softening of transverse acoustic phonon modes along the growth direction and localization of ScN phonons in the vibrational energy gap between metal and semiconductor layers. Boltzmann transport theory-based analysis suggests a reduction of lattice thermal conductivity by an order of magnitude compared to its individual bulk components, which makes these materials suitable for thermoelectric applications. Thermoelectric materials that convert heat flux directly into electrical power have enormous promise in dealing with the challenges of the growing demand for alternative clean energy, and are a subject of great scientific interest.
1,2 These materials are characterized by a dimensionless figure of merit ZT ¼ S 2 rT/j, where S is the Seebeck coefficient, r is the electrical conductivity, j is the thermal conductivity, and T is the absolute temperature. To be competitive with conventional refrigerators and power generators, we must develop materials with ZT ¼ 3-4. Research in the last few years with conventional bulk materials 3, 4 has yielded ZT of about 1.0-1.5. Achieving ZT > 2 is challenging due to mutually conflicting design parameters (e.g., r and j) in ZT. Pioneering works of Hicks and Dresselhaus 5, 6 and subsequent experiments of Harman et al. 7 and Venkatasubramanian et al. 8 showed that nanostructured materials have the potential for higher ZT.
Multilayers and superlattices 9-11 grown by alternate deposition of metal and semiconductor materials with nanoscale periods are being explored as potential candidates with higher ZT. The central ideas are (1) to control the Schottky barrier height for efficient energy filtering of electrons during transport, thereby enhancing the Seebeck coefficient, simultaneously retaining a high electrical conductivity, and (2) to use the interface between the component materials as a phonon filter, thereby reducing the cross-plane lattice thermal conductivity. Understanding the nature of the metal/semiconductor interface is crucial to designing multilayers or superlattices with high ZT.
In this paper, we present first-principles density functional theory-based calculations of electronic structure and vibrational spectra, as a foundation for developing an understanding of the temperature-dependent cross-plane transport properties of ZrN/ScN metal/semiconductor superlattices. We note that ScN is semiconducting in nature with an indirect C-X bandgap of 0.89 eV, whereas ZrN is metallic in nature. 12 Their multilayers (superlattices) have been investigated experimentally in earlier work by Rawat et al.
13

II. METHODS OF CALCULATIONS
We use the PWSCF implementation of the density functional theory with a generalized gradient approximation (GGA) 14 to the exchange correlation energy and ultrasoft pseudopotentials 15 to represent the interaction between ionic cores and valence electrons. Plane wave basis sets with energy cutoffs of 30 and 180 Ry were used to represent the electronic wave function and charge density, respectively. Integration over the Brillouin zone is carried out using the Monkhorst-Pack 16 scheme with a 10 Â 10 Â 10/n mesh of k-points for n/n superlattice, and occupation numbers are smeared using the Methfessel-Paxton 17 scheme with a broadening of 0.003 Ry. A Hubbard U correction, 18 with U ¼ 3.5 eV is included along with GGA for Sc atoms to correctly describe the electronic bandwidth and gap. (See details and validity of our methods used in extensive analysis of bulk properties of ScN, ZrN, and HfN in Ref. 12.) Phonon spectra and density of states are determined accurately within the framework of self-consistent density functional perturbation theory, 19 with plane wave basis of energy cutoffs of 40 and 750 Ry to describe the wave function and charge density, respectively. In order to understand the detailed features of phonon spectra, force constant matrices were obtained on a 3 q-point mesh. The dynamical matrices at arbitrary wave vectors were then obtained through Fourier transform-based interpolation.
Electrical conductivity (r) and Seebeck coefficient (S) are calculated within the Boltzmann transport theory
where m a (k) and m b (k) are the group velocities of electron in the a and b directions, respectively, d[e À e(k)] is the density of electronic states, s(k) is the relaxation time, l is the chemical potential, and f 0 is the Fermi-Dirac distribution function. Eigenenergies of electrons are calculated on a very dense mesh of k-points in the entire Brillouin zone, and subsequently used to estimate the group velocities. It is not simple to estimate the electronic relaxation time from first-principles, and hence we do not have the knowledge of s(k) for the bulk materials (ZrN, ScN), as well as ZrN/ScN superlattices. Here we assume the electronic relaxation time to be independent of electron energy and about the same for all the materials, and compare their electrical conductivity and Seebeck coefficient. This is an oversimplification, but could give us a trend in electronic contributions to transport properties of these superlattices.
The lattice thermal conductivity j ab (i.e., along the ab direction) is obtained within the Boltzmann theory
where k is the polarization vector of the normal mode, m ak (q) and m bk (q) are the group velocities of the phonon along a and b directions, respectively, s k (q) is the relaxation time, and n B [x k (q)] is the Bose-Einstein distribution function. The relaxation time s k (q) is assumed to be constant and kept outside the integral. Eigenfrequencies were obtained on a dense mesh of 1000 k-points over the entire Brillouin zone, which were subsequently used in determination of m ak (q) and m bk (q).
III. RESULTS
A. Structural details
ZrN(m)/ScN(n) superlattices were made by periodically stacking m layers of metal and n layers of semiconductor. The in-plane and cross-plane lattice constants are fully optimized and the structures are fully relaxed until forces on each atom are less than 0.001 Ry/bohr. Despite a 1.5% lattice mismatch between the component materials ZrN (a ¼ 4.59 Å ) and ScN (a ¼ 4.52 Å ), all superlattices grow epitaxially with an in-plane lattice constant of 4.55 Å , with no significant structural changes in the in-plane direction. Along the cross-plane (growth) direction, different atoms move significantly by different amounts due to the lattice mismatch. However, the cross-plane lattice constant increases linearly with an increase in m and n.
The interface energy (IE) of a superlattice is calculated using the following formula:
where E (ZrN/ScN) , E (bulk-ZrN) , and E (bulk-ScN) are the energies of the superlattices, bulk ZrN, and bulk ScN, respectively, and a is the area of the interface. The IEs are positive suggesting the relative stability of these metal/semiconductor interfaces. The values also converge rapidly with an increase in the number of metal and semiconductor layers (see Fig. 1 ).
B. Electronic structure
Although we have determined the electronic structure of m/n ZrN/ScN superlattices with m and n ¼ 1-4, here we present results of (m/m) superlattices. The dispersion spectra of the 2/2 superlattice [generic of all other higher periodic superlattices in Fig. 2(a) ] shows that the superlattices are metallic for the in-plane transport (i.e., C-X), whereas there are relatively flat bands (near the Fermi energy) along the crossplane direction (i.e., C-Z). These nearly flat bands will increase the effective mass of electrons, thereby increasing the Seebeck coefficient along the cross-plane direction. Figure 2(a) also indicates the presence of doubly degenerate valence bands lying 0.2-0.3 eV (0.2 eV exactly for 2/2 superlattices) below the Fermi energy. The electronic band just above the Fermi energy is also at a distance 0.5 eV from the Fermi energy at the C point along the C-Z directions suggesting that for cross-plane electronic transport the superlattices behave like a degenerate semiconductor. As the theory of thermoelectric metal/semiconductor superlattices 10, [20] [21] [22] [23] suggests that to maximize the power factor (S 2 r) one needs degenerate semiconductor or metallic superlattices with tall barrier height, and nonconserved lateral momentum for the thermionic emission process, our superlattices seem suitable for effectively filtering out low energy electrons at the metal/ semiconductor interfaces, enhancing the Seebeck coefficient without decreasing the electrical conductivity by too much, key to enhancement of ZT.
The normalized density of states exhibits a large asymmetry at the Fermi energy [see Fig. 2(b) ] (a much higher density of states at E ! E F than at E E F ), which is necessary within the Mahan and Sofo 24 theory for large thermopower. The partial densities of states (PDOS) [see Fig. 2(c) ] indicate that the valence band nitrogen s and p states of ScN and ZrN span almost the same energy range. However, the peak positions of these nitrogen s and p states of the two nitrides are now separated by 0.88 eV and 0.65 eV, respectively. In bulk ScN and ZrN the N s and p states are separated by 2.5 eV as can be seen from our previous work. 12 Careful observation of PDOS also suggests that the peak of the Sc d-orbital has moved closer to the Fermi energy, with the tail of the d-band spanning below the Fermi energy. This shift of the Sc and N states toward the ZrN bands is significantly nonintuitive, and suggests that electronic structures of nanoscale superlattices are complicated and interesting.
To get insight into the role of electronic structure on the electrical properties of these superlattices, we have visualized [see Figs. 3(a) and 3(b) ] the electronic states of the highest occupied and the lowest unoccupied states (at the C-point) for the 2/2-ZrN/ScN superlattice. The highest occupied electronic states (at the C-point) are hybridized Sc d-orbital and are largely confined in the ScN layers, whereas the lowest unoccupied states (at the C-point) are Sc and Zr d-states localized at the layers. This suggests that electronic states between metal and semiconductor layers at the interface are weakly coupled to each other, which will lower the electrical conductivity across the interface.
C. Estimation of Schottky barrier height
One of the most important parameters for the crossplane electronic transport in these metal/semiconductor superlattices is the Schottky barrier height. The barrier is an intrinsic property of the interface and arises from the relative alignment between the metal Fermi level and the semiconductor valance band maximum (for p-type barrier) or conduction band minimum (for the n-type barrier) at the interface. The barrier formation mechanism and its correct estimation from the first-principles is by itself a recent field of research. [25] [26] [27] Here, we have determined the barrier height from the first-principles supercell calculations using the macroscopic averaging method. 25 The p-type Schottky barrier height may be written as
where DV is the change in the average electrostatic potential across the interface (positive if higher on the semiconductor side), E F is the metal Fermi level referenced to the average electrostatic potential of the bulk metal, and E VBM is the valence-band maximum referenced to the average electrostatic potential of the bulk semiconductor.
Microscopic averaged electrostatic potential [shown in Fig. 4(a) ] is not very smooth due to the mismatch in the lattice constants. In order to converge the band alignment, the supercell was constructed to contain eight layers of ZrN and eight layers of ScN. when we go below the period thickness of the 6/6 superlattice, as the macroscopic averaging is not quite useful at these short length scales. Our estimates of p-type Schottky barrier height for the (001) interface is 0.34 eV, in reasonable agreement with the experimental value of 0.28 eV. 11 The estimated Schottky barrier height auger well with that suggested by Shakouri and co-workers 10, 20, 21 for filtering out the low energy electrons at the interface.
Our calculation suggests a significant amount of charge transfer from the semiconducting (ScN) to the metallic (ZrN) layer at the interface resulting in the formation of dipoles. Figure 4(b) shows that the Sc and N atoms in the ScN layer at the interface lose equal amounts of charge to the metallic ZrN layer. Figure 4 (b) also suggests that the extent of charge transferred or gained by the second layer of either the metal or the semiconductor layer from the interface is very small compared to the layers at the interface. The resulting dipole formed at the interface due to this charge transfer is accommodated for in our Schottky barrier height estimation through the macroscopic averaging method. Figure 5 suggests the normal Arrhenius-type temperature variation of electrical conductivity (r) in semiconducting ScN [see Fig. 5(a) ], whereas the electrical conductivity (r) of ZrN [see Fig. 5(b) ] decreases with temperature in agreement with its metallic nature. The electrical conductivity (r) of the superlattices [see Fig. 5(c) ] increases linearly with temperature, with the 3/3 superlattice having a higher r than the 2/2 superlattice's overall temperature range. This linearly increasing behavior of r with temperature is quite interesting as none of the conventional metals or semiconductors shows such behavior. A comparison of electrical conductivity of the superlattices with the bulk materials suggests that r of superlattice increases by 5 orders of magnitude with respect to the semiconducting ScN; however, with respect to the metallic ZrN the electrical conductivity is one order of magnitude lower. This observation confirms our inference from band structure that these metal/semiconducting superlattices behave more like a degenerate semiconductor or semimetals having high carrier concentrations at the Fermi energy.
D. Electrical conductivity and Seebeck coefficients
We have also estimated the Seebeck coefficients of superlattices and the bulk materials (ZrN and ScN). As we have taken the significant approximation of energy independent and equal relaxation time for all the materials, readers should concentrate more on the trends than the absolute values. Figure 6 Figures 6(a) and 6(b) also indicate that the S of 2/2 superlattice is almost 3 times higher than the bulk ZrN, whereas S for 3/3 is closer to the metallic ZrN one. Our results also reveal an inherent trade off between electrical conductivity and Seebeck coefficient; whereas the 2/2 superlattice has lower electrical conductivity than the 3/3 one, its Seebeck coefficient is larger than 3/3, demonstrating that it is hard to simultaneously increase both the r and S.
E. Vibrational spectra and thermal properties
Vibrational spectra of the 2/2 ZrN/ScN superlattices [see Fig. 7 ] reveal a reduction in the velocities of transverse acoustic modes along the growth direction. Due to the mismatch (large phonon densities of states of ScN in the frequency range where phonon spectrum of ZrN has a gap) in the bulk phonon density of states of the component materials, 12 the midfrequency range optical phonon bands of ScN are flattened along the cross-plane directions (i.e., C-Z, R-X, M-A) of the superlattices, making weak contributions to the lattice thermal conductivity along the cross-plane direction. On the other hand, along the in-plane directions (i.e., C-X), vibrational modes disperse as steeply as expected from the phonon dispersion of bulk materials.
We now analyze the lattice thermal conductivity using the Boltzmann transport theory. As we have not determined anharmonic interactions between phonons, it is not possible to estimate scattering times. We assume that scattering times are constant for all phonons and compare thermal conductivity of different superlattices with that of the bulk form of their components, which includes only the effects of densities of states and phonon group velocities. Our estimates of cross-plane lattice thermal conductivity [see Fig. 8(a) ] j for 1/1 superlattices are comparable to the bulk lattice thermal conductivity; whereas there is almost a tenfold reduction in j for 2/2 superlattices compared to the 1/1 case, and to bulk ZrN. The extent of reduction is found to be even larger (almost 100 times) with respect to the bulk ScN case. This large reduction of lattice thermal conductivity can be understood in terms of the phonon filtering effect at the interface, where the mismatch in phonon density of states of the bulk materials prevents ScN mid-frequency range phonons from being propagated across the interface. This huge reduction in cross-plane lattice thermal conductivity makes these superlattices very suitable for optimizing ZT for thermoelectric energy conversion devices. Our estimates of j are upper bound on j as the scattering time s is expected to be smaller for superlattices due to additional scattering at the interfaces, reducing j even further. Examination of the temperature variation of cross-plane lattice thermal conductivity reveals the dominance of acoustic phonons at low temperatures [see Fig. 8(b) ], as temperature is increased optical phonons also start contributing to the overall lattice thermal conductivity.
IV. CONCLUSION
In summary, we have determined electronic structure, vibrational spectra, and transport properties of ZrN/ScN metal/semiconductor superlattices from first-principles calculations. Our results show the presence of asymmetry in the electronic DOS, and flattening of bands near the Fermi energy along the cross-plane direction of these superlattices. The estimated p-type Schottky barrier height of 0.34 eV (in good agreement with the experimental estimates) is suitable for filtering out low energy electrons at the interface of these superlattices. Electrical conductivity and Seebeck coefficient as a function of temperature of these superlattices are estimated within Boltzmann transport theory, and their values are compared. Analysis of vibrational spectra and Boltzmann transport theory-based calculations show a large reduction in lattice thermal conductivity along the cross-plane direction of these superlattices with respect to their individual bulk components as the phonons are filtered at the interfaces due to mismatches in the bulk vibrational spectra. Understanding of the metal/semiconductor superlattices and their properties developed here should be useful in the design of nanostructured superlattices with excellent thermoelectric performance.
